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actin polymerization; adhesion junction; contractile activation; cytoskeletal signaling; smooth muscle tissue THE ROLE OF FILAMENTOUS actin in the activation of myosin ATPase activity and cross-bridge cycling is well established, and actomyosin cross-bridge cycling is recognized as the fundamental mechanism for tension development and shortening in all forms of muscle, as well as in contractile nonmuscle cells. The activation of myosin by a contractile stimulus enables myosin filaments to crawl along actin filaments through the ATPase activity of the myosin head, thus resulting in shortening or tension generation by the cell. This wellestablished paradigm for smooth muscle contraction has relied on the assumption that the structure and organization of filamentous actin remains relatively constant during a contractile event, and that actin filaments anchored at adhesion sites at the plasma membrane and at dense bodies within the cytosol provide a fixed and stable network on which the myosin or thick filaments move during shortening and tension development.
Recent studies have documented a critical role for actin polymerization and cytoskeletal dynamics in the regulation of active tension development in smooth muscle. There is mounting evidence that smooth muscle contraction requires the polymerization of actin filaments and a range of other cytoskeletal processes that extend well beyond the actomyosin interaction and cross-bridge cycling. A complex set of cytoskeletal events is triggered concurrently with activation of the actomyosin system that appear to play a fundamental role in the mechanical response of the muscle tissue. This has prompted the formulation of new paradigms for smooth muscle contraction to encompass observations that the activation of the actomyosin system is not the only cellular mechanism involved in the regulation of smooth muscle contraction and tension development. These dynamic cytoskeletal processes may underlie the unique adaptive properties of many smooth muscle tissues that enable them to modulate their contractile and mechanical properties to accommodate to changes in their surrounding environment. Growing evidence suggests that the cytoskeletal processes that occur during the contractile activation of smooth muscle cells may have much in common with the cytoskeletal mechanisms that govern cell motility and migration, and that tension generation in smooth muscle requires a more complex array of physiological processes than previously supposed.
Actin Polymerization is Necessary for Contraction and Tension Development in Smooth Muscle Tissues
Actin is the most abundant protein in cells, and it exists in both a soluble and filamentous state. Filamentous actin is a polymeric structure made up of asymmetric bilobed 42-kDa actin monomers that are organized into a double-stranded helical array. Soluble cytosolic actin monomers are in constant exchange with actin monomers within the actin filaments. In smooth muscle cells, actin filaments are anchored to the membrane via a complex of adhesion proteins that associate with the cytoplasmic tails of integrin proteins, where the cytoskeleton links to the extracellular matrix (54, 142) . Actin filaments also anchor within the cytosol of smooth muscle cells at cytosolic dense bodies that are composed primarily of the actin cross-linking protein, ␣-actinin (44, 45) .
The critical role of actin polymerization in tension development has been documented in smooth muscle tissues and cells by numerous studies that have evaluated the effects of inhibiting the actin polymerization process on tension generation in response to contractile stimulation. The pharmacologic agents latrunculin and cytochalasin, which inhibit actin polymerization by sequestering G-actin monomers and by capping actin filaments, respectively (17, 32, 35) , have been widely employed in a variety of smooth muscle tissue and cell types to evaluate the effects of inhibiting actin polymerization on contractile responses to agonist stimulation. Studies of airway smooth muscle (6, 43, 84, 115, 131, 140) , vascular smooth muscle (1, 25, 27, 28, 92, 93, 104, 107, 112, 138) , and uterine (112) and intestinal smooth muscle (81, 91) have all shown that the short-term exposure of smooth muscle tissues to inhibitors of actin polymerization causes a profound suppression of tension development and an inhibition of shortening or constriction. Additional evidence that actin polymerization plays a critical role in the process of mechanical tension development in smooth muscle comes from studies showing that molecular constructs or peptides that disrupt specific steps in the actin polymerization process also inhibit tension development in smooth muscle tissues in response to contractile stimuli (7, 123, 127, 128, 143, 144) . Cellular imaging studies have documented that the depression of tension development by interventions that inhibit actin polymerization does not result from disruption of the organization or integrity of the contractile apparatus (1, 84, 143) . Collectively, this large body of studies provides overwhelming evidence that dynamic changes in the actin cytoskeleton play a fundamental role in the regulation of tension development during smooth muscle contraction. However, the mechanism by which actin polymerization regulates tension development in smooth muscle is currently an unresolved question.
A Small Proportion of Total Actin Undergoes Polymerization During the Contractile Activation of Smooth Muscle
The contraction of smooth muscle tissues and cells causes an increase in the pool of filamentous (F) actin and a decrease in the pool of monomeric (globular) (G) actin (12, 27, 48, 65, 68, 72, 84, 120, 130, 143) . These transitions in the state of actin have been documented in diverse smooth muscle cell and tissue types using a number of different approaches to estimate monomeric and filamentous pools of actin. These include the use of DNase inhibition assays to measure the amount of globular (G) actin (84) , measurements of soluble (G) actin and insoluble (F) actin by cell fractionation (104, 120, 127, 143) , fluorescence imaging to visualize G-and F-actin in isolated smooth muscle cells or tissues using G-and F-actin-specific stains (27, 48, 68, 72, 130) , assessments of the rate of ADP-ATP actin monomer exchange (12) , and electron microscopic studies that quantify actin filament density (65) . All of these approaches have consistently shown that an increase in F-actin and a decrease in G-actin occurs when smooth muscle cells or tissues are activated by a contractile stimulus.
Small and colleagues (44, 52, 90) proposed that the smooth muscle actin isoforms ␣ and ␥ preferentially associate with myosin and caldesmon and participate in contraction, whereas the ␤-actin isoform associates with calponin and plays a structural role in smooth muscle cells. Although this idea has been challenged (47) , it is of interest to consider whether the polymerization of actin is restricted to a specific actin isoform. Parker and colleagues (99, 100) observed ␤-actin to be preferentially localized to the periphery of dissociated portal vein cells, and they suggested that ␤-actin may comprise a pool of cortical actin distinct from the contractile apparatus. However, when immunoblots were used to quantify the relative amounts of ␣-actin and ␤-actin isoforms that undergo polymerization induced by the contractile stimulation of tracheal muscle, both isoforms of actin were found to participate comparably in the polymerization process (143) .
The proportions of cellular G-and F-actin that undergo polymerization during contraction have been quantified in different smooth muscle tissues. We estimated the proportions of G-and F-actin in tracheal smooth muscle by quantifying the amount of actin in the insoluble and soluble fractions of muscle extracts after separation by high-speed centrifugation (142, 143) . Using this approach, we found actin in the insoluble fraction (primarily F-actin) to constitute 70 -80% of the total actin in the unstimulated smooth muscle tissue, whereas approximately 20 -30% of the actin was found in the soluble fraction (primarily G-actin). We obtained a comparable result when the method of DNase inhibition was used to quantitate the amount of G-actin (84) . Our studies have consistently shown that the contractile stimulation of tracheal smooth muscle causes a 30 -40% decrease in the pool of G-actin (143) . On the basis of this analysis, we calculate that contractile stimulation increases the proportion of filamentous actin in the smooth muscle cells by approximately 10 -12%, a relatively small proportion of total actin in the muscle cell (142, 143) .
These estimates are consistent with estimates obtained in a number of laboratories using different experimental approaches in other tissues and preparations. Hirshman and colleagues (67) measured the ratio of F-to G-actin by fluorescence staining of Gand F-actin in primary cultures of tracheal smooth muscle cells and obtained ratios of F-to G-actin that were similar to the measurements obtained in the tracheal tissue extracts. Barany et al. (12) made comparable estimates of the size of F-and G-actin pools in arterial muscle, uterus, and urinary bladder smooth muscle tissues based on measurements of the rate of ADP-actin/ ATP-actin exchange.
The conclusion that the total amount of actin that undergoes polymerization is relatively small is also supported by electron microscopic and fluorescence images of smooth muscle tissues and differentiated cells that were treated with actin polymerization inhibitors (1, 84) . These images show that most of the filamentous actin in the smooth muscle cell is unaffected by treating the muscles with inhibitors of actin polymerization at concentrations sufficient to cause marked inhibition of tension development. The results of all of these studies raise the critical question of how the polymerization of a relatively small proportion of actin in the smooth muscle cell can exert such a profound effect on the development of contractile tension.
Stimulus-Induced Actin Polymerization Does Not Regulate Activation of the Contractile Apparatus in Smooth Muscle
The issue of whether actin polymerization regulates tension development by directly or indirectly contributing to the processes that mediate activation of contractile proteins and crossbridge cycling is critical to understanding the function of actin polymerization during smooth muscle contraction. Studies conducted on a variety of different smooth muscle tissue and cell types have evaluated the effect of inhibiting actin polymerization on agonist-induced increases in myosin light chain phosphorylation and/or intracellular Ca 2ϩ . The results of almost all of these studies support the conclusion that actin polymerization does not regulate changes in intracellular Ca 2ϩ or myosin light chain phosphorylation that are activated by contractile stimulation.
Saito et al. (107) first evaluated the effect of cytochalasin on contractile protein activation in rat aorta smooth muscle during contractions induced by either norepinephrine or K ϩ depolarization. They found that although treatment of the tissues with cytochalasin inhibited contractile tension development, it did not affect intracellular Ca 2ϩ , myosin light chain phosphorylation, or myosin ATPase activity. They therefore proposed that cytochalasin D inhibits smooth muscle contraction by uncoupling force generation from the activated actomyosin Mg 2ϩ -ATPase system. Subsequent studies of the effects of inhibiting actin polymerization in a number of other smooth muscle tissues have led to similar conclusions. Studies of rat mesenteric arteries (25, 93) , guinea pig taenia coli (91) , and airway smooth muscle tissues (84) have demonstrated that tension development can be substantially inhibited by cytochalasin and/or latrunculin with no detectable effect on myosin light chain phosphorylation. Furthermore, Shaw et al. (112) showed that phenylephrine-induced increases in intracellular Ca 2ϩ in rat mesenteric arteries were not inhibited when constriction was inhibited by cytochalasin or latrunculin.
Myosin light chain phosphorylation has also been measured after inhibiting actin polymerization using molecular genetic interventions that inhibit the activation of proteins involved in catalyzing the actin polymerization process, or that block steps in the signaling pathway that regulates actin polymerization (7, 126 -128, 143, 144) . In airway smooth muscle, the expression of dominant-negative peptides that prevent the activation of the actin nucleation initiating protein, neuronal Wiskott-Aldrich syndrome protein (N-WASp), inhibits actin polymerization and tension development without affecting myosin light chain phosphorylation (143) . Interventions that inhibit the specific molecular steps required for the activation of N-WASp also inhibit actin polymerization without affecting myosin light chain phosphorylation (126 -128, 144) 
(see Activation of the Arp2/3 Complex by WASp Family Proteins Regulates Actin Polymerization During Smooth Muscle Contraction).
There have been several studies in airway smooth muscle in which treatment of the tissues with cytochalasin at relatively high concentrations did cause a small depression of myosin light chain phosphorylation (84, 131, 140) . As other inhibitors or interventions that inhibit actin polymerization in these tissues do not affect myosin light chain phosphorylation, it seems unlikely that this effect on myosin light chain phosphorylation resulted from the inhibitory effect of cytochalasin on actin polymerization; more likely it was due to nonspecific secondary effects of cytochalasin on other processes in the cell that contribute to the regulation of myosin.
The converse question of the potential role of myosin light chain phosphorylation and contractile protein activation on the regulation of actin polymerization has also been evaluated. These studies, though fewer in number, also provide evidence for the independence of these two processes. An et al. (6) found no effect of the myosin light chain kinase inhibitor, ML-7, on agonist-induced increase in actin polymerization in primary cultures of airway smooth muscle cells, as assessed by phalloidin staining of F-actin. Smith et al. (115) came to a similar conclusion using atomic force microscopy to probe agonistinduced increases in cell surface stiffness and rigidity in cultured rat tracheal smooth muscle cells. They found that the changes in submembranous stiffness were inhibited by agents that inhibit actin polymerization but not by ML-7, and they concluded that the increased stiffness induced by agonist stimulation reflected dynamic changes in the submembranous actin cytoskeleton that were independent of the activation of myosin.
Taken in sum, this body of studies provides compelling evidence that agonist-induced actin polymerization does not regulate processes involved in activating the contractile apparatus, and that actin polymerization regulates tension development by a cellular process that is distinct from and independent of cross-bridge cycling. The collective evidence suggests a model for smooth muscle contraction in which a contractile stimulus activates independent but parallel signaling pathways that regulate the processes of actin polymerization and contractile protein activation, both of which are essential to the Fig. 1 . Signals activated by integrin receptors and G protein-coupled receptors (GPCR) collaborate to regulate actin cytoskeletal remodeling and activation of the actomyosin system in smooth muscle. These two processes can be activated independently of one another, but the development of contractile tension requires the activation of both the actomyosin system and actin polymerization.
process of shortening and tension development in smooth muscle tissues (Fig. 1) .
The observation that only a small amount of actin undergoes polymerization during smooth muscle contraction suggests that this labile pool of actin serves a specialized function that is distinct from that of the "thin filament" actin that interacts with myosin to regulate cross-bridge cycling. However, the nature of the pool of actin that undergoes polymerization and its function during the contractile process remain to be established. Much of the existing evidence points to a model in which actin polymerization occurs in a submembranous area of the smooth muscle cell (see Fig. 4 ). The formation of a network of submembranous actin in smooth muscle cells may function to enhance membrane rigidity and to connect the contractile and cytoskeletal filament lattice to the membrane to transmit the tension generated by cross-bridge cycling (60, 142, 143) . Submembranous actin polymerization may also enable the cell to adapt its shape and stiffness and contractility to external and internal mechanical forces imposed on it, and it may occur in regions within smooth muscle cells in which the membrane tension is greatest.
Activation of the Arp2/3 Complex by WASp Family Proteins Regulates Actin Polymerization During Smooth Muscle Contraction
How are signals from contractile stimuli transduced to regulate actin polymerization during the contraction of smooth muscle cells? Models for the regulation of actin dynamics in migrating cells can provide a template for a mechanistic model for the regulation of actin polymerization in smooth muscle tissues during contraction (55, 79, 102) . During cell migration, mechanical tension at sites of membrane extension at the leading edge of the cell induces integrin clustering and activation, the recruitment of cytoskeletal adhesion and signaling proteins to sites of cell adhesion, and the polymerization of actin filaments, resulting in extension of the cell membrane and cell crawling (39, 86, 111) .
The spontaneous initiation of actin filament assembly by the nucleation of new actin filaments is not favored kinetically; actin nucleation factors are required to promote the initiation of actin filament assembly. Currently, three classes of actin nucleating proteins have been identified: the Arp2/3 complex, spire, and formins, each of which promotes actin filament nucleation by a distinct mechanism (57, 121) . The Arp2/3 complex was the first actin assembly factor to be identified, and, to date, it is the only one that has been documented to play a role in the regulation of actin polymerization in smooth muscle. The potential role of other actin assembly factors has not been evaluated; the evaluation of their function may also define a role for them in the regulation of actin dynamics and contractility in smooth muscle.
The central role of the Arp2/3 complex in the regulation of actin polymerization and the organization of actin filament networks at the cell membrane of migrating cells is well established (57, 82, 88, 97, 102, 121) . The Arp2/3 complex consists of seven strongly associated protein subunits that include Arp2 and Arp3 (actin-related proteins), which form a template for the formation of new actin filaments (82, 102) . The Arp2/3 complex requires activation by one of several nucleation promoting factors, which in mammalian cells include the WASp and Scar/WAVE families of proteins. The WASp proteins are key activators of the Arp2/3 complex, and they regulate actin polymerization that occurs at the leading edge of the membrane in response to signals from adhesion proteins. In motile cells, a stimulus for motility causes the activation of the small GTPase, cdc42, which catalyzes the recruitment of a WASP family protein to the membrane and its activation, resulting in the binding of the Arp2/3 complex to WASp and Arp2/3 complex activation (34, 79, 106) .
There is currently very limited information regarding the potential roles of actin nucleation promoting factors in smooth muscle contraction; however, a role for the WASp family protein, N-WASp, in the regulation of actin polymerization during the contraction of tracheal smooth muscle tissues has been documented (143) . Studies using fluorescence imaging and coimmunoprecipitation analysis have shown that contractile stimulation with acetylcholine initiates the recruitment of N-WASp to the cortex of freshly dissociated tracheal muscle cells and tracheal smooth muscle tissues, where it associates with the Arp2/3 complex (143). The importance of Arp2/3 activation in the regulation of actin polymerization and tension development in intact tracheal smooth muscle tissues was demonstrated using a dominant-negative COOHterminal peptide of N-WASp to inhibit activation of the Arp2/3 complex (the N-WASp CA domain) (143) . The N-WASp CA domain completes with full-length N-WASp for binding to the Arp2/3 complex and thereby inhibits its activation (66) . When the N-WASp CA domain was introduced into or expressed in tracheal smooth muscle tissues, it inhibited actin polymerization and depressed tension generation in response to a contractile stimulus (acetylcholine), indicating that activation of the Arp2/3 complex is critical for stimulus-induced actin polymerization and tension development (143) . There is also evidence that N-WASp is activated during the contraction of rat mesenteric arteries (7) . It is likely that other classes of actin filament nucleating factors (e.g., formins, spire proteins) and nucleation promoting factors (e.g., Scar/WAVE proteins) play important roles in regulating the contractility and physiological properties of smooth muscle tissues; however, to date, there is no information regarding their physiological function in smooth muscle.
Contractile Stimulation Catalyzes the Assembly of Macromolecular Adhesion Complexes at Cytoskeletal/Cell Matrix Junctions in Smooth Muscle Tissues
In motile cells, mechanical tension at sites of cell adhesion stimulates the assembly of macromolecular protein complexes at the membrane junctions between the extracellular matrix and the actin cytoskeleton (18, 37, 53, 111) . Proteins bound within these adhesion complexes are in a constant state of dynamic exchange with their cytoplasmic pools, where they may exist in an inactive state. These adhesion complexes consist of dozens of structural and signaling proteins that link actin and other cytoskeletal filaments to the cytoplasmic domains of heterodimeric transmembrane integrin proteins, which are specific ligands for extracellular matrix proteins. They orchestrate the array of cytoskeletal processes that result in movement of the crawling cell, including the polymerization of new actin filaments that causes protrusion of the membrane (8, 39, 110, 135 ). There is evidence that a similar process of adhesion complex assembly also occurs in response to the contractile stimulation of smooth muscle tissues, and that the formation of this complex is essential for the regulation of stimulus-induced actin polymerization and tension generation.
In smooth muscle tissues, macromolecular adhesion junctions, often referred to as "membrane-associated dense bodies," form on the intracellular side of the plasma membrane at the junctions between actin filaments and the extracellular matrix (45, 114, 142) (Fig. 2) . At these junctions, actin filaments are connected to integrin proteins via "linker" proteins within the adhesion complexes such as ␣-actinin, talin, and filamin, all of which form homodimers that can both cross-link actin filaments and bind to the ␤-subunit of integrin heterodimers (36, 96) .
There is accumulating evidence that the adhesion complexes of smooth muscle are not static structures. Studies in airway and vascular smooth muscle tissues and in isolated smooth muscle cells show that the localization of cytoskeletal proteins to adhesion complexes and to the cell cortex is dynamically regulated during contractile stimulation (51, 74, 93, 95, 99, 100, (143) (144) (145) . Diverse approaches including coimmunoprecipitation, cell fractionation, immunofluorescence analysis, and cellular imaging have demonstrated that contractile stimulation initiates the recruitment of both structural and signaling proteins to the smooth muscle cell cortex, and that it stimulates the association of adhesion proteins with ␤-integrins (51, 74, 93, 95, 99, 100, (143) (144) (145) . The imposition of mechanical tension or the twisting of integrin proteins bound to magnetic beads on the surface of isolated smooth muscle cells also stimulates the recruitment of adhesion complex proteins to sites of membrane tension (40, 41, 117) .
Digital video-imaging has been used to monitor the effects of contractile stimulation on the localization of a number of proteins that are components of adhesion complexes in living smooth muscle cells in vivo (142, 144, 145) . In these studies, green fluorescent protein (GFP) fusion proteins for adhesion complex proteins were expressed in intact tracheal smooth muscle tissues, and smooth muscle cells were then enzymatically dissociated from the tissues and studied immediately. Thus, the isolated cells retained the full contractile phenotype and spindle-shaped morphology typical of a smooth muscle cell. The movement of GFP fusion proteins was observed by confocal microscopy during contraction of the live smooth muscle cells. In these studies, the administration of a contractile agonist resulted in the rapid translocation of the proteins to the membrane, within seconds of the administration of the stimulus.
G Protein-Coupled Receptors Collaborate with Adhesion Complex Proteins to Initiate Signals for Actin Polymerization During Smooth Muscle Contraction
The assembly of macromolecular complexes at membrane adhesion sites during the contractile stimulation of smooth muscle tissues is necessary for the initiation of actin filament polymerization and to regulate the formation of the adhesion complexes that link actin filaments to the extracellular matrix (Fig. 3) . (142) . Proteins within adhesion complexes may also modulate signaling pathways that regulate intracellular Ca 2ϩ and myosin light chain phosphorylation in smooth muscle tissues (38, 80) .
In tracheal smooth muscle, the activation of the actin nucleation initiating factor, N-WASp, and the subsequent polymerization of actin depend on a cascade of protein interactions within adhesion complexes that are initiated by stimulation with a contractile agonist. In tracheal smooth muscle, a stable trimeric protein complex consisting of integrin-linked kinase (ILK), a ␤-integrin binding scaffolding protein and protein kinase, and its binding partners PINCH, a LIM-only domain protein, and ␣-parvin, an actin-binding protein (ILK/PINCH/ ␣-parvin complex) (146) is rapidly recruited to integrin adhesion sites in response to a contractile stimulus, where it couples to ␤-integrin proteins and forms a scaffold for the recruitment of other structural and signaling proteins that are required for processes of cytoskeletal reorganization and actin polymerization (144) . If the recruitment of the ILK/PINCH/␣-parvin complex to the membrane is prevented by expressing an inhibitory PINCH fragment in the smooth muscle tissues, the activation of N-WASp, actin polymerization, and tension development are markedly suppressed.
In tracheal smooth muscle, the cytoskeletal proteins paxillin and vinculin are also critical for the initiation of actin polymerization during the contractile activation of smooth muscle. Paxillin and vinculin bind together in the cytosol (132, 136) and are also recruited to membrane adhesion sites in response to contractile stimulation, where they associate with the ILK/ PINCH/␣-parvin complex (95, 144) . Paxillin is a scaffolding protein that has been shown to undergo tyrosine phosphorylation in response to contractile stimulation in many smooth muscle cell and tissue types (19, 71, 78, 93, 101, 104, 116, 122, 124, 125, 129, 134, 139) . The tyrosine phosphorylation of paxillin at two sites, tyrosine 31 and 118, enables it to couple to the SH 2 /SH 3 adaptor protein CrkII, which binds to N-WASp and contributes to N-WASp and Arp2/3 activation (126 -128, 143) . In airway smooth muscle, the phosphorylation of paxillin increases rapidly after contractile stimulation, coincident with the development of contractile tension (134) . The rapid activation of paxillin is consistent with its role as an upstream regulator of actin polymerization. The expression of nonphosphorylatable paxillin mutants in tracheal smooth muscle tissues prevents the binding of paxillin to CrkII and inhibits actin polymerization in response to a contractile stimulus (126) .
In tracheal muscle, the activation of N-WASp and actin polymerization in response to contractile stimulation also requires the concurrent activation of the small GTPase, cdc42 (128) . Agonist-activated paxillin tyrosine phosphorylation mediates the formation of a complex that includes CrkII, Cdc42, and N-WASp, which may facilitate the activation of Cdc42 by an unknown guanine nucleotide exchange factor (GEF) and the consequent activation of N-WASp (127) . The widespread observations of paxillin phosphorylation in response to contractile stimulation in diverse types of smooth muscle tissues and cells suggest a ubiquitous role for this protein as an upstream regulator of actin polymerization during smooth muscle contraction.
Actin polymerization is mechanosensitive in some smooth muscle tissues, and the mechanotransduction process may be mediated by proteins that localize to adhesion sites (40, 41, 64, 84, 116, 117, 122, 125, 140, 141) . In airway smooth muscle, the degree of tension depression caused by the inhibition of actin polymerization depends on the mechanical strain on the muscle, and actin polymerization may be important in regulating the length-sensitivity of tension development (84, 140) . Mechanical torque applied to integrin-bound magnetic beads also stimulates the formation of submembranous actin structures in airway muscle cells (40, 41) . In both airway muscle cells and tissues, the degree of paxillin tyrosine phosphorylation is mechanosensitive during contractile stimulation, suggesting that paxillin may play a critical role in mechanotransduction at membrane adhesion sites (116, 122, 124, 125) . Modulation of the phosphorylation of paxillin in response to mechanical stimuli in smooth muscle tissues could provide a mechanism for the mechanosensitive regulation of N-WASpmediated actin polymerization, and thereby provide a molecular pathway by which cytoskeletal organization and actin filament structure are modulated to facilitate the adaptation of smooth muscle cell shape and stiffness to their environment (Fig. 3) .
The molecular mechanisms by which G protein-coupled receptor activation links to signaling events that regulate actin polymerization in smooth muscle have not been delineated. Members of the family of small GTPases, Rho, Rac, and Cdc42, are widely recognized as key regulators of the actin cytoskeleton in diverse nonmuscle cells (8, 21, 73, 89) , and they can couple the activation of G protein-coupled receptors to cytoskeletal functions (105) . In smooth muscle, the role of RhoA GTPases in regulating contractile force and myosin light chain phosphorylation through an inhibitory effect on myosin light chain phosphatase is well established (118) . Hirshman and colleagues (67, 68) demonstrated that G protein subunits activated by acetylcholine in airway smooth muscle cells regulate actin polymerization via the activation of RhoA. Welsh and colleagues reached similar conclusions from studies of isolated cerebral arteries, in which they found that the principal role of RhoA activation in agonist-induced constriction was to facilitate the formation of F-actin rather than to regulate myosin light chain phosphorylation (33) . However, the downstream molecular pathways by which RhoA regulates actin polymerization and remodeling in response to agonist stimulation in smooth muscle tissues have not been determined.
Contractile Stimulation Regulates the Formation of Connections Between Actin Filaments and the Extracellular Matrix
The contractile stimulation of smooth muscle cells and tissues also catalyzes the recruitment of structural proteins that connect actin filaments and transmembrane integrin proteins to the adhesion junctions of smooth muscle cells. ␣-Actinin, an actin cross-linking protein that also binds to integrin proteins, is rapidly recruited to the integrin adhesion complexes of tracheal smooth muscle cells and tissues in response to a contractile stimulus (145) . Similar observations have been made in cells from an aortic smooth muscle cell line (51) . In the tracheal tissues, the recruitment of ␣-actinin is required for tension development but not for actin polymerization or myosin light chain phosphorylation, suggesting a distinct role for ␣-actinin in smooth muscle contraction. Studies of migrating cells have shown that ␣-actinin reinforces integrin-cytoskeletal connections to enable them to withstand the force transmitted to the extracellular matrix (9, 14, 133) . ␣-Actinin may serve a similar function during smooth muscle contraction: its recruitment to the cell cortex and to integrin adhesion junctions may serve to strengthen connections between the cytoskeleton and extracellular matrix for the transmission of force generated by actomyosin cycling during contraction. ␣-Actinin may also connect and support newly formed subcortical actin filaments within the muscle cells and link them to integrin proteins within adhesion junctions.
The contractile stimulation of smooth muscle may also regulate connections between actin filaments and membrane adhesion junctions by activating the adhesion complex protein vinculin. Vinculin binds to both filamentous actin and talin, which is another integrin binding protein that also cross-links actin. The conformation of vinculin can be reversibly regulated between an open state in which it can bind to actin filaments as well as to talin and ␣-actinin, and a closed conformation in which it does not bind to either of these proteins, thus enabling it to reversibly form connections between actin filaments and membrane adhesion sites (24, 29) . Vinculin binds to paxillin and is recruited with paxillin to the adhesion complexes of tracheal smooth muscle cells during contractile stimulation (95) . The expression of mutant vinculin peptides that inhibit the activation of endogenous vinculin prevents the stimulusinduced contraction of tracheal smooth muscle (69) . The controlled formation and dissolution of actin filament/adhesion complex linkages by ␣-actinin, vinculin, and other proteins may be an important mechanism for regulating the cytoskeletal organization of the smooth muscle cell and enable the transmission of contractile tension (61, 62) .
The formation of macromolecular complexes at the leading edge of crawling or spreading cells depends on a carefully orchestrated process involving the stepwise assembly of an adhesion complex, and the assembly of this adhesion complex is required for the initiation of localized actin filament polymerization and dissolution. The cytoskeletal processes that occur in smooth muscle during contractile activation may serve parallel functions to some of the processes that occur during cell migration: mechanical force generated either internally by the contractile apparatus or externally by strain imposed on the cell may stimulate the assembly of adhesion complexes that catalyze the formation of a cortical network of actin filaments, anchor the actin filament network to integrin proteins at adhesion sites, and strengthen the network of newly formed actin filaments. The formation of this cortical cytoskeletal structure might serve to form a more rigid submembranous structure that is capable of transmitting the force generated by the activation of contractile proteins to the extracellular matrix filaments and across the tissue (Fig. 4) .
Actin Depolymerizing Proteins (ADF/Cofilin) in the Regulation of Actin Dynamics in Smooth Muscle Tissues
Studies of actin dynamics in vitro and in cells have shown that the polymerization of actin is regulated by proteins that control the availability of a pool of monomeric (G) actin for incorporation into actin filaments, and the availability of free "barbed" or "plus" ends of actin filaments that can undergo polymerization (22, 77) . The family of ADF (actin depolymerization factor)/cofilin proteins can regulate both of these processes. These proteins have therefore been termed "actin-dynamizing" proteins because of their critical role in regulating the actin filament remodeling that enables the rapid adaptation of the actin cytoskeleton to localized cellular functions (11, 23, 30) .
The important role of ADF/cofilin proteins in cell migration is well established (10, 23, 30) . During cell migration, new actin filaments are generated at the leading edge of the cell, and actin filaments at the rear of the actin network are disassembled. Cofilin plays an essential role in both the actin polymerization and depolymerization processes during cell movement: It binds to actin filaments and severs them, thereby promoting actin disassembly and the formation of new barbed ends, which enables the nucleation of new actin filaments by the Arp2/3 complex. Cofilin also contributes to actin filament assembly by replenishing the actin monomer pool required for polymerization (11, 23, 75, 98) .
Cofilin activity is regulated through phosphorylation and dephosphorylation of its NH 2 -terminal Ser3. Serine 3 phosphorylation abolishes the ability of cofilin to bind to F-actin and thus inhibits its severing function (2, 10, 83, 87) . The dephosphorylation of cofilin is mediated by the cofilin-specific phosphatases slingshot and chronophin (70) . Phosphorylated cofilin binds to the intracellular scaffolding protein 14-3-3 (56), which acts to sequester it. Displacement from 14-3-3 can result in the activation of cofilin by cofilin-specific phosphatases. Cofilin is abundantly expressed in vascular smooth muscle cells and tissues, where it has been implicated in the regulation of vascular smooth muscle cell migration (109) . It also plays a role in regulating the expression of smooth muscle differentiation markers in vascular tissues (3, 64) .
Recent evidence suggests that cofilin also plays a critical role in regulating actin dynamics during the contraction and relaxation of smooth muscle tissues. In tracheal smooth muscle tissues, stimulation of the tissues with acetylcholine causes the dephosphorylation and activation of cofilin (147) . Cofilin dephosphorylation can be inhibited by expression of dominantnegative inactive cofilin mutant, cofilin S3E (83) . When cofilin S3E is expressed in tracheal muscle tissues, it inhibits cofilin dephosphorylation and prevents the increase in actin polymerization stimulated by acetylcholine (147) . These observations are consistent with the postulated role of cofilin in regulating the size of the pool of G-actin available for actin polymerization during contraction. In cultured human airway smooth muscle cells, cofilin is activated (dephosphorylated) in response to forskolin and isoproterenol, suggesting a possible role in regulating actin dynamics during the relaxation of smooth muscle (76) .
Cofilin activity may also be indirectly modulated by small heat shock proteins, which have been proposed to regulate smooth muscle contractility by affecting actin dynamics. The small heat shock proteins HSP20 and HSP27 are chaperone proteins that are highly expressed in smooth muscle tissues. There is evidence implicating both proteins in the modulation of vascular, airway, and visceral smooth muscle contractility and tone (108) . HSP20 phosphorylation at serine 16 can be catalyzed by the cAMP-dependent kinase, PKA (13) . Phosphopeptide analogs of HSP20 induce the relaxation of several different smooth muscle tissues and cell types (46, 49, 76, 103, 137) . In vitro, phosphorylated HSP20 interacts directly with 14-3-3, the chaperone protein that sequesters cofilin (26) . Brophy and colleagues have proposed that HSP20 mediates smooth muscle relaxation in response to cyclic nucleotidedependent pathways by competing with phosphocofilin for binding to the chaperone protein, 14-3-3, leading to an increase in the amount of activated cofilin (46, 76) . They demonstrated that activation of the cAMP-dependent pathway by isoproterenol or forskolin in tracheal smooth muscle cells leads to the phosphorylation of HSP20 as well as the dephosphorylation and activation of cofilin (76) .
A number of lines of evidence also implicate HSP27 in the regulation of smooth muscle contractility and actin dynamics: Antibodies to HSP27 inhibit the contraction of intestinal smooth muscle cells (15) , and the activation of the p38 MAP kinase pathway that leads to HSP27 phosphorylation is necessary for the migration of tracheal smooth muscle cells (63) . The overexpression of phosphorylated HSP27 in cultured airway smooth muscle cells increases cytoskeletal stability as determined from the motion of integrin-bound beads on the cell surface, suggesting an increase in actin polymerization and cytoskeletal rigidity (5) . More studies will be needed to establish the functional roles of heat shock proteins in the regulation of smooth muscle contractility; however, these observations suggest novel mechanisms by which muscle properties may be regulated through effects on actin dynamics.
Observations that the phosphorylation of cofilin is sensitive to modulation by diverse signaling pathways that affect smooth muscle contractility suggest that it may be a potent regulator of smooth muscle actin dynamics and thus act to regulate muscle contractility and tension. However, most isoforms of the actinfilament binding protein tropomyosin compete with cofilin for binding to actin filaments, and thereby protect them from the severing action of cofilin (16, 20, 31, 42, 94) . Most of the filamentous actin that interacts with myosin in smooth muscle is believed to be bound to tropomyosin, and therefore it should be resistant to cofilin activity, which would be consistent with evidence that most of the actin remodeling during contraction and relaxation of smooth muscle is restricted to a small pool of actin that is distinct from the actin that participates in contraction.
A Functional Role for Cytoskeletal Dynamics During Smooth Muscle Contraction
Mechanistic models for the regulation of mechanical behavior of smooth muscle have traditionally centered primarily on the processes involved in regulating the actomyosin cross-bridge interaction. While these processes are undoubtedly central to the development of contractile tension, it is becoming increasingly evident that the myosin activation and cross-bridge cycling are but one component of a complex and integrated series of cytoskeletal events that regulate tension development and the mechanical properties of a smooth muscle cell during contractile activation. There is compelling evidence that an array of cytoskeletal processes are concurrently activated by contractile stimulation and that these processes are also essential for active tension development. Although the specific cellular functions of these cytoskeletal processes in the development of mechanical tension during smooth muscle contraction remain to be fully elucidated, existing observations from studies of smooth muscle as well as evidence for the functions of these cytoskeletal proteins and processes in other cell types suggest a mechanistic paradigm for their functional role in contraction and tension development in smooth muscle (Figs. 3 and 4) .
This paradigm can be summarized as follows: Contractile and mechanical stimuli activate local transduction processes at extracellular matrix/cytoskeletal junctions that catalyze the recruitment of cytoskeletal proteins and their regulated assembly into a macromolecular adhesion complex at cytoskeletal/ extracellular matrix junctions. Adhesion complex proteins catalyze the polymerization of new actin filaments at the cell cortex, mediate the reorganization of connections between actin filaments and the cell membrane, and stabilize the actin cytoskeletal network. The formation of this cortical actin/ cytoskeletal network provides a rigid structure for the transmission of the tension generated by actomyosin cross-bridge cycling to the outside of the cell, and for the transmission of force throughout the smooth muscle tissue. Actin polymerization and remodeling may be locally regulated in response to tension or mechanical strain at discrete points along the cell membrane and may thereby strengthen tension transmission to the exterior of the cell at sites of membrane stress or strain. Local mechanotransduction events at adhesion sites may also modulate the cytoskeletal events that enable the cell to adapt and remodel its cytoskeletal structure and organization to conform to forces generated by external and internal physiological processes. This structural plasticity may enable smooth muscle cells to conform to forces generated by external and internal physiological events, thus providing for the mechanism for the mechanical adaptation of the smooth muscle of hollow organs.
This model for the regulation of smooth muscle function can provide novel perspectives to explain the normal physiological behavior of smooth muscle tissues. The malleability of some smooth muscle tissues and their ability to adapt to environmental influences may be a function of the dynamic nature of their cytoskeletal structure. The ability of airway smooth muscle to alter its stiffness and contractility in response to mechanical oscillation and stretch has been widely observed and described, and it is considered to be critically important for the regulation of normal airway responsiveness (4, 50, 54, 59, 60, 62, 113) . Such adaptive properties have also been demonstrated in other visceral smooth muscles (58, 85, 119) and may be inherent to smooth muscle tissues within organs that must adapt to large changes in volume.
Actin polymerization may also occur at other sites within smooth muscle cells and may play other functional roles in some smooth muscle tissues. For example, Seow and col-leagues have reported that contractile stimulation results in an increase in the density of cytosolic actin filaments around cytosolic dense bodies in electron microscopic sections of tracheal muscle tissues (65) . Evidence from several laboratories suggests that actin polymerization underlies the myogenic response in small arteries (27, 28, 48) . Actin polymerization in these tissues may occur at different cytosolic sites and be governed by different molecular processes.
Much more work will be needed to fully delineate the molecular processes involved in cytoskeletal dynamics in diverse smooth muscle tissues and physiological conditions, and to evaluate the functional roles of the cytoskeletal processes in the regulation of smooth muscle contractility and mechanical tension. Existing research on smooth muscle has barely begun to elucidate the complex processes that may contribute to the regulation of cytoskeletal dynamics in these tissues. The cytoskeletal processes and regulatory pathways may differ very significantly among smooth muscle tissues that serve widely differing physiological functions.
Conclusions and Future Directions
A growing body of data supports a view of the actin cytoskeleton of smooth muscle cells as a dynamic structure that plays an integral role in regulating the development of mechanical tension and the material properties of smooth muscle tissues. The increase in the proportion of filamentous actin that occurs in response to the stimulation of smooth muscle cells and the essential role of stimulus-induced actin polymerization and cytoskeletal dynamics in the generation of mechanical tension have been convincingly documented in many smooth muscle tissues and cells using a wide variety of experimental approaches. There is also extensive evidence that the functional role of actin polymerization during contraction is distinct and separately regulated from the actomyosin cross-bridge cycling process. However, much more data will be needed to establish the molecular basis for the regulation of actin polymerization and its functional roles in diverse types of smooth muscle cells and tissues. Existing evidence, which has been obtained largely from studies of airway smooth muscle, supports a model in which contractile stimulation initiates a signaling pathway mediated by proteins within cytoskeletal/ extracellular matrix adhesion complexes at the membrane, and that proteins within this complex orchestrate the polymerization and organization of a network of actin filaments below the plasma membrane. This cytoskeletal network may serve to strengthen the membrane for the transmission of force generated by the contractile apparatus. The dynamic reorganization of this cytoskeletal network may also form the basis for the ability of smooth muscle cells to adapt and accommodate to their external environment.
There is compelling evidence that actin polymerization plays a role in the regulation of the contractile behavior of many vascular and visceral smooth muscle tissues; however, it may serve different physiological functions in different smooth muscle tissue types. The importance of the actin polymerization process for tension development and shortening may also vary among smooth muscle tissues that serve different physiological functions. It is possible that actin cytoskeletal dynamics plays a more prominent role in smooth muscle tissues that are required to undergo large shape changes or volume accommodations under physiological conditions. The signaling pathways that couple actin polymerization and cytoskeletal dynamics to receptor stimulation, the molecular processes that regulate the assembly of actin filament networks, and the nature and organization of dynamic actin structures may also differ among different smooth muscle tissue types. The molecular processes that regulate the assembly of actin filaments in smooth muscle tissues and the nature of the actin filament networks that are formed during contractile activation are areas for which there is currently very limited information. Better understanding of the mechanisms for these dynamic cytoskeletal processes and their physiological functions in diverse smooth muscle types may provide important insights into the physiological regulation of the properties of smooth muscle tissues and organs and may lead to novel targets for the development of new therapeutic agents.
